Understanding of cathode phenomena in arc discharges has considerably improved in recent years due to the progress both in experiment and in theory. A review of the present understanding of cathode phenomena in high-pressure arc discharges is given. The effect of processes in the arc column on the cathode part of the discharge in most cases is weak, which is a consequence of the fact that the energy flux coming to the cathode is formed in a thin near-cathode plasma region. A theoretical model of the near-cathode region is described. The model can be used both by itself or as a part of a code modelling the whole system of arc electrodes. In particular, the model results in a simple estimate of the upper limit of the cathode temperature and of the lower limit of the temperature inside a cathode spot. A simple asymptotic solution to the thermal conduction equation in the cathode body, describing a steady-state cathode spot, may be obtained making use of the fact that the energy flux from the plasma to the cathode surface is localized in a narrow temperature range. Approaches to a self-consistent modelling of diffuse and spot modes of current transfer to the cathode are discussed.
Introduction
Arc discharges have many important applications, e.g. in arc heaters for material processing, metallurgy, chemical processes, hazardous waste treatment etc; high-intensity discharge lamps; high-power switches and arc welding. Recently, investigations in the field of arc plasma technology gained additional interest due to the necessity of a more effective use of energy under conditions of worsening ecological crisis.
A proper design of cathodes is of crucial importance to the performance of arc devices. This task could be facilitated if the physics of plasma-cathode interaction were well understood. The absence of a justified model of the plasmacathode interaction has become still more unfortunate in view of the development of codes for simulation of arc devices. At present, two-dimensional calculation of the arc column and of the temperature and electrostatic potential distributions inside electrodes can be performed with the use of commercial codes and has become a matter of routine in many groups across the world. The problem, however, is that boundary conditions for equations both in the plasma and in the electrodes are formulated at present by means of rather arbitrary assumptions (such as prescribed current and/or heat flux density distributions over the electrode surface), which is due to poor understanding of the plasma-electrode interaction.
Furthermore, a strongly non-linear character of this interaction results in a strong coupling of electrodes with the plasma, which in turn results in the appearance of different modes of current transfer to electrodes. This coupling must be understood in detail and described in the framework of an appropriate model, before efficient numerical simulation of the whole system of arc electrodes can be performed.
Cathode phenomena in arc discharges have been studied for many years. Unfortunately, near-cathode plasma regions represent a very difficult object for experimental investigation, in the first place due to their small dimensions. Theoretical investigation is hindered by the multiplicity and diversity of processes involved. In recent years, considerable advances have been achieved in understanding arc cathode phenomena, especially in the case of high-pressure arc discharges, due to progress both in the experiment and in the theory. The aim of the present paper is to summarize these advances and to discuss the current status of the theory and modelling of cathode phenomena in high-pressure arc discharges. 
Basic features of the theory of plasma-cathode interaction

Quasi-stationary and non-stationary modes
Two modes of plasma-cathode interaction exist in arc discharges: the one in which the interaction represents a sequence of individual events (microexplosions, microspots, or fragments) presumably dominated by explosive and/or field emission and vaporization and/or explosive erosion, and another one in which the interaction represents a collective phenomenon presumably dominated by thermionic or thermofield emission with erosion due to vaporization of the cathode material. The only (if any) non-stationary process in the models describing the second mode is heat propagation in the body of a cathode, processes on the plasma side being treated as (quasi-)stationary. The first mode is difficult for a quantitative theoretical description and is analysed mostly on the basis of experimental information and simple estimates; see, e.g. [1, 2] . The second mode is easier to describe. Reviews of early works in which this mode is analysed can be found in [3] [4] [5] [6] [7] [8] [9] .
The non-stationary mode of current transfer occurs on cathodes of vacuum arcs. In atmospheric-pressure arcs, the (quasi-)stationary mode occurs on cathodes made of refractory materials such as tungsten while the non-stationary mode occurs on cathodes made of volatile materials such as copper. An interesting question is whether a theory is capable of describing the change of mode caused by a variation of the vaporization energy of the cathode material in atmosphericpressure arc discharges, and whether a theory would predict the (quasi-)stationary mode on cathodes made of volatile materials at pressures of the ambient gas higher than one atmosphere. This question remains open till now and will be briefly addressed in section 3.
Some workers cast doubts on the very existence of the (quasi-)stationary mode of plasma-cathode interaction: they believe that a close examination would reveal fragments (microspots, microexplosions) even in cases when the plasmacathode interaction has a steady-state appearance. It is appropriate to emphasize in this respect that, apart from the fact that no unambiguous evidence of such type has been obtained, there is a general experimental observation that a variation of the work function and of the vaporization energy of the cathode material does not affect the characteristics of the cathode part of an arc strongly when the arc cathode interaction is non-stationary, and does affect the characteristics of the cathode part of an arc when the arc cathode interaction is (quasi-)stationary (e.g. a decrease of the work function causes a decrease of the cathode surface temperature). While the former is consistent with the above-mentioned mechanisms which are assumed to dominate the non-stationary mode, the latter conforms to the above-mentioned mechanisms considered in the models of the (quasi-)stationary mode.
In this paper, the arc cathode interaction will be considered as a (quasi-)stationary collective phenomenon dominated by thermionic or thermo-field emission.
Is the presence of the space-charge sheath important?
A fundamental question in constructing models of the (quasi-)stationary arc cathode interaction is the effect of space charge in the near-cathode region: while some workers believe that this effect is minor (e.g. [10] and references therein), others consider that processes related to the space-charge sheath may play a substantial or even a decisive role, in particular, in heating the cathode.
Recently, direct measurements of the near-cathode voltage drop were performed combined with thermal measurements [11] [12] [13] . It was shown that the near-cathode voltage drop may be much higher than most workers previously believed (up to 55 V [13] ). Obviously, this finding promotes the second one of the two above-mentioned theoretical points of view. Furthermore, the measurements [11] [12] [13] which refer to the diffuse mode of current transfer to the cathode are in good agreement with recent theoretical works [14] [15] [16] [17] , in which the space-charge sheath is of central importance. An additional argument in favour of the second point of view is given in [18] , in which the arc cathode attachment calculated without the account of the sheath effects is found to spread over a large area of the cathode surface, which results in unrealistically low plasma temperatures near the cathode tip.
In this paper, the near-cathode phenomena are discussed along the lines of the model [14] . Note that this model has been tested in different environments [14] [15] [16] 19, 20 ]; a similar model was employed in [17] .
Is a self-consistent description of multiple (quasi-)stationary modes of current transfer to arc cathodes possible?
It is well known (e.g. [8] and references therein; we also mention [13, 21] as examples of more recent experiments) that the (quasi-)stationary current transfer to arc cathodes may occur in a spot mode, when nearly all the current is localized in a region occupying only a small fraction of the cathode surface (the spot), and in a diffuse mode, when the current is distributed over the front surface of the cathode in a more or less uniform way. A transition between the diffuse and spot modes is accompanied by hysteresis (e.g. [22] ).
Some workers believe that diffuse and spot modes are governed by essentially different mechanisms, such as Schottky-amplified thermionic emission in the diffuse mode and thermo-field or field emission in the spot mode (e.g. [23, 24] ), or a considerable contribution of the ion current in the diffuse mode and predominantly electron-emission current in the spot mode [24] , or predominantly electron-emission current in the diffuse mode and a considerable contribution of the ion current in the spot mode [25] . However, an adequate theoretical description of multiple modes of current transfer to a hot arc cathode does not necessarily involve essentially different physical mechanisms. This is rather a mathematical question of finding non-unique solutions: an adequate theoretical model of (quasi-)stationary current transfer to arc cathodes must in some cases allow different steady-state solutions to exist under the same conditions, thus describing different modes of current transfer.
Such an approach was implemented in terms of the bifurcation theory in [15, 26] and numerically in [26] [27] [28] [29] and will be briefly considered below.
Is a self-consistent description of a cathode spot possible?
A self-consistent description of the spot mode of current transfer can be obtained by means of numerical modelling with iterative adjustment of solutions in the near-cathode plasma and in the cathode body; see e.g. [26] [27] [28] [29] . In accordance with the physical situation considered, the arc current is the only control parameter in this approach for a given cathode material and a given plasma-producing gas and its pressure, all the other quantities being calculated, including the distribution of the temperature in the cathode body and on the surface and the voltage drop in the near-cathode plasma layer.
Alternatively, a simple and physically transparent model can be obtained by postulating that the cathode surface can be divided into a circular current-collecting region (a spot) and a surrounding current-free region. Such an approach has been widely employed and has given interesting and useful results, see, e.g. reviews [3] [4] [5] [6] [7] [8] [9] and references therein; we also mention more recent studies [30, 31] . Unfortunately, this approach is incomplete: either one parameter remains indeterminate and is considered empirical, or the model relies on an arbitrary theoretical assumption (it should be emphasized that the 'principle' of minimum voltage, which is invoked frequently, does not follow from the governing equations; see in this regard a discussion of application of this principle to the cylindrical arc column [32] [33] [34] ). The incompleteness of the above-mentioned approach is especially clear in view of computational works (such as [26] [27] [28] [29] ) in which the arc current is the only control parameter, with all the other quantities being obtained in the course of calculations.
A reason for the incompleteness is as follows [35] . The temperature of the cathode surface or the energy flux density within the spot are assumed in the framework of the above-mentioned approach to be constant and governed by an equation of integral heat balance of the cathode surface within the spot. (A term of this equation accounting for the heat power removed from the spot by heat conduction into the cathode body is calculated by means of a two-dimensional heat conduction equation.) Thus, the condition of equality of the density of the energy flux coming to the cathode surface from the plasma and of the density of the heat flux removed from the surface by heat conduction into the cathode body, which holds at each point of the surface, is replaced by only one condition (equation of integral heat balance), which is insufficient to determine two parameters of the model (the temperature or the energy flux density within the spot and the spot radius). Just this loss of information results in the incompleteness of the model: one parameter remains indeterminate.
In order to obtain a self-consistent description of the spot, one should derive a model from the governing equations rather than just postulate it. Such an approach was developed in [35] [36] [37] and will be briefly discussed below.
The plasma side
The term near-electrode region, when applied to a highpressure arc discharge, refers conventionally to a nonequilibrium plasma region separating the electrode surface from the bulk plasma in which local thermodynamic equilibrium (LTE) holds. Three kinds of deviation from LTE are the most important: a deviation of the electron temperature T e from the heavy-particle temperature T h , a violation of ionization equilibrium, and a violation of quasi-neutrality. These deviations may be characterized by the following length scales, respectively: the length of electron energy relaxation; the ionization length; the Debye length. Estimates show [14] that these scales under conditions typical for high-pressure arcs are of the order of 10 2 , 10 and 10 −1 µm, respectively. Since these scales are essentially different, the near-cathode region may be divided into three zones: a space-charge sheath, an ionization layer and a layer of thermal relaxation.
From the point of view of calculation of the plasmacathode interaction, the most important regions are the ionization layer, in which the ion flux to the cathode surface is formed, and the space-charge sheath, in which ions going to the cathode and electrons emitted from the cathode are accelerated. One can see that the thickness of the sheath and of the ionization layer is much smaller than typical dimensions of the cathode and than the spot radius. It follows that the current transfer across the ionization layer and the space-charge sheath is locally one-dimensional and governed by local values of the surface temperature T w and of the voltage U applied to the ionization layer and the sheath. Note that the voltage drop in the layer of thermal relaxation is usually of the order of tenths of volt, which is much smaller than the voltage drop in the ionization layer and the sheath. Therefore, U can be effectively considered as the local voltage drop in the near-cathode layer. The resulting model is illustrated in figure 1 .
Input parameters for the model are gas species, the pressure p of the plasma, work function of the cathode material, T w and U . Output data are all local parameters of the near-cathode layer, in particular, the local electron temperature, local densities of the ion current, of the current of plasma electrons, of the emission current, local density j of the net current from the plasma to the cathode surface and local density q of the net energy flux from the plasma to the cathode surface.
An example of calculated dependence q(T w ) for fixed U is shown in figure 2 . The calculation has been performed for a tungsten cathode in an argon plasma for U = 15 V at three values of the plasma pressure. At low temperatures function q(T w ) is growing. As T w increases, q reaches a maximum value of q * and then steeply falls, eventually changing sign. The range of values of T w in which q/q * is comparable to unity is rather narrow, which is a consequence of the Arrhenius character of the processes involved. The model [14] does not take into account vaporization of the cathode surface. In the presence of vaporization, a new mechanism of ion transport must be introduced into the equation of motion of the ion fluid in the ionization layer, namely ion transport due to the mass flow originating in the vaporization. This mechanism results in a decrease of the ion flux to the cathode (in the presence of vaporization, the ions diffuse to the cathode surface against the vaporization mass flow; note that if the vaporization rate is high enough, the ions may become unable to reach the cathode at all [38] ). This will result in a decrease of the net energy flux to the cathode surface, and a similar effect will be produced by the vaporization cooling. As a consequence, the discharge may locally extinguish. An investigation of this topic may reveal a relation between values of the vaporization energy and of the pressure of the ambient gas, which affect the vaporization rate, and a [(quasi-)stationary versus non-stationary] mode of cathode-plasma interaction.
The motion of ions in the space-charge sheath is assumed to be collisionless in the framework of the above approach. This assumption may be violated, e.g. under conditions typical for high-intensity discharge lamps, which sometimes operate at pressures of several tens of atmospheres, or higher (see, e.g. [39] ). In fact, ion motion in the sheath may be collisiondominated at pressures that high. Thus, another point to be investigated is the effect of collisions in the space-charge sheath. Note that a simple model of a sheath with collisiondominated ion motion was developed in [40] .
Joining plasma and cathode solutions
A possible way of integrating the above-described model of the near-cathode region into codes modelling the whole system arc electrodes consists in describing the near-cathode region as an infinitesimally thin contact layer, heat generation and voltage drop in this layer being known functions of the local cathode surface temperature T w and of the local current density j .
The procedure is described in detail elsewhere [41] . For the purposes of the present paper, it is sufficient to point out that if one neglects the voltage drop in the layer of thermal relaxation and in the expansion zone (which in most cases is of the order of 1 V), then the plasma potential does not vary appreciably along the cathode surface and a solution for the cathode part is decoupled from the solution in the arc column and may be found independently. In other words, there is, in principle, no need to calculate the whole system arc cathode simultaneously: one can first find a solution for the near-cathode layer, then a solution describing the cathode, and finally a solution for the arc column.
The problem may be simplified further if one takes into account that the Joule heat production and the voltage drop in the body of the cathode are negligible in most cases. Then the current continuity equation may be excluded from consideration and the potential may be set constant inside the cathode. It follows that the voltage drop in the nearcathode layer, U , takes the same value at all points of the cathode surface. Having found dependences q(T w , U) and j (T w , U) (it is sufficient to calculate these dependences only once for every given combination of the cathode material, the plasma-producing gas and its pressure), one can determine the temperature distribution inside the cathode body and on the surface for a given U . The latter amounts to solving inside the cathode the heat conduction equation supplemented with boundary condition κ∂T /∂n = q(T w , U) (here κ is the thermal conduction of the cathode material). After this problem has been solved, one can substitute the surface temperature distribution obtained as a part of the solution into dependence j (T w , U) found at the previous step, thus determining the current density distribution over the cathode surface and the arc current corresponding to the considered value of parameter U . This step can be repeated several times with different values of U until a desired value of the arc current has been reached.
The cathode side
The upper limit of the cathode temperature and the lower limit of the spot temperature
Designate by [T 1 , T 2 ] the range of values of the surface temperature corresponding to the falling section of function q(T w ) for fixed U , where T 1 is the value of the surface temperature at which the function q(T w ) reaches the maximum (for U given) and T 2 is the value of the surface temperature at which q(T w ) vanishes, i.e. the local emission cooling becomes equal to the local heating. It can be shown [42] , with the use of the maximum principle for harmonic functions, that the temperature of any point of the cathode surface cannot exceed T 2 . Furthermore, one can expect that the temperature inside cathode spots should correspond to the falling section of the function q, i.e. should be within the range [T 1 , T 2 ] [42] . The temperature range [T 1 , T 2 ] is usually 300-500 K, i.e. not very wide. It follows that the temperature inside a spot does not change much and, to the accuracy of about 200 K, may be estimated as (
Thus, an estimate of the temperature of cathode spots may be obtained without solving the heat conduction equation in the cathode body: it is sufficient to find the dependence of the density of the net energy flux from the plasma to the cathode surface on the surface temperature, q(T w ), for a given U .
Asymptotic solution describing a spot
A simple analytic solution to the thermal conduction equation in the cathode body may be obtained making use of the abovementioned fact that the range of values of T w , in which q/q * is comparable to unity, is rather narrow. Such an asymptotic approach results, in a natural way, in the model of a spot with constant temperature, surrounded by a current-free region [36] . A radius of the spot is determined in the framework of this approach by a condition of solvability of the problem that governs the temperature distribution in the vicinity of the spot edge. An explicit form of this condition was derived in [37] for a specific case when the function q(T w ) is rectangular-like and in [35] for the general case.
Modelling diffuse and spot modes
Another simple solution to the problem governing the temperature distribution in the cathode body can be obtained for the following model: a cathode represents a right cylinder of a cross section which is not necessarily circular; the top of the cathode is current-collecting; the lateral surface is insulated; the bottom is maintained at a fixed temperature by external cooling. It was found [15, 26] that this model allows one to investigate main features of diffuse and spot modes of current transfer to a cathode. Qualitative conclusions [15] concerning a transition between the diffuse mode and the first spot mode conform to available experimental information [8] , thus supporting the hypothesis that the multiplicity of modes of current transfer to hot arc cathodes is related to the nonuniqueness of multi-dimensional thermal balance of a finite body heated by a non-linear external energy flux.
A numerical treatment of multi-dimensional solutions, describing diffuse and spot modes, has been performed in [26] [27] [28] [29] .
